Visuomotor localization in the presence of slant was measured. Five subjects pointed at the center LED of an array of five LEDs viewed monocularly. Pointing was open-loop. The LEDs were separated by 1.5, 3.0, or 4.5 cm. The array was rotated about a vertical axis coincident with the center LED to slant the array from −50°to + 50°. LED separation had no effect. A small linear relationship was found between errors in localization and slant (slope = −0.02). The errors were as expected if the perceived straight ahead was in the direction of the normal to the surface, but these errors were so small as to be functionally insignificant. It is concluded that extraretinal eye position information dominates over slant for visuomotor localization.
Introduction
Recently, a number of studies have examined the influence of structure on visual localization (Matin, Picoult, Stevens, Edwards, Young, & MacArthur, 1982; Bridgeman & Stark, 1983; Li & Matin, 1995; Fogt & Jones, 1996; Cai, Pouget, Schlag-Rey, & Schlag, 1997; Rine & Skavenski, 1997) . In some of these studies it has been concluded that structured visual fields can partially or completely suppress the influence of extraretinal eye position information (Matin et al., 1982; Bridgeman & Stark, 1983; Li & Matin, 1995; Fogt & Jones, 1996) , while other studies have concluded that extraretinal eye position can dominate in determining visual direction (Li & Matin, 1995; Cai et al., 1997; Rine & Skavenski, 1997) .
Slant has been reported to be one structural cue for visual localization (Kleinhans, 1970; Perrone, 1980 Perrone, , 1982 Li & Matin, 1995) . Slant is defined here as the angle between a surface rotated about a central vertical axis and an observer's frontoparallel plane. Slant has been shown to affect judgments of the straight ahead, which is the direction perpendicular to the frontal plane of the observer (Kleinhans, 1970) . Kleinhans (1970) seems to have been the first to study the effect of slant on the perceived straight ahead. He showed that the perceived straight ahead deviated from the true straight ahead in the direction of the normal to a slanted surface. Li and Matin (1995) examined the influence of pitched surfaces (rotated about a horizontal axis) on visually perceived eye level as well as the effects of slanted surfaces on the perceived straight ahead. The pitched surfaces had two vertical lines while the slanted surfaces had two or four horizontal lines, or two vertical lines. They found that pitch significantly influenced visually perceived eye level, a result perhaps first reported in the literature by MacDougall (1903) and studied more recently by Matin and colleagues (Matin & Fox, 1986 , 1989 Li & Matin, 1995; Matin & Li, 1991 , 1992a ,b, 1994 . In predicting the effects of textured surfaces on visually perceived eye level, Perrone (1982) has argued that subjects mislocalize visually perceived eye level in the direction of the nearest part of a pitched surface. This theory leads to slightly different predictions about the effects of pitched surfaces on visually perceived eye level compared to the predictions when one assumes that visually perceived eye level is mislocalized in the direction of the normal to the slanted surface.
Unlike the effect of pitched surfaces on visually perceived eye level, Li and Matin (1995) found that slant had little or no effect on visually perceived straight ahead. Li and Matin offered several explanations for the discrepancy in the influence of the visual field on visually perceived eye level compared to visually perceived straight ahead. They argued that gravity provides an environmental marker for visually perceived eye level. This marker is not available for judgments of visually perceived straight ahead. Furthermore, they stated that while head-and-body rotations produce little change in the positions of objects relative to eye level, these rotations can produce large changes in the positions of objects relative to the median plane. Thus, there is increased uncertainty when relying on the visual field to determine visually perceived straight ahead compared to visually perceived eye level. Extraretinal eye position information must therefore be more resistant to changes in the visual field for visually perceived straight ahead than for visually perceived eye level.
If slant causes a shift in the perceived straight ahead, then it is reasonable to assume that subjects will mislocalize an object placed on the slanted surface. However, if extraretinal eye position information about the orientation of the eye dominates over slant for visuomotor localization, subjects should be accurate in localizing objects on a slanted surface. Therefore, the purpose of this study was to determine whether slant of a surface containing an array of evenly spaced LEDs would cause a measurable shift in visuomotor localization.
Methods
The apparatus was as shown in Fig. 1 . It consisted of a box painted flat black on both the inside and outside. The interior dimensions of the box were 85 cm wide, 28 cm high, and 24 cm deep. The box was open on the side facing the subject. Opposite the subject on the rear wall of the box was a front surface mirror mounted at an angle of 45°to the floor. The box was mounted to a tabletop and the subject could place his/her right arm under the enclosed part of the box. A computer monitor (NEC JC 1532VMA2, NEC, Japan) equipped with a touch screen (Model 14-05, Micro Touch Systems, Inc., Methuen, MA) was placed behind the box. Finally, the apparatus was arranged in such a way that the distance from the surface of the mirror to the center LED of an LED array placed in the top of the box (20 cm) was the same as the distance from the surface of the mirror to the computer touch screen. With this arrangement, the apparent distance of the center LED in the array as seen in the mirror was 53.7 cm from the subject's right eye.
The LED array located in the roof of the box consisted of 11 LEDs (diameter of exposed portion of LED= 2.0 mm) which were separated by 1.5 cm with the exception of the LEDs on either end of the array. These latter LEDs were separated from the adjacent LEDs by 3.0 cm. The LEDs extended down beyond the roof of the box by about 0.75 mm on average.
Three LED spacings were used randomly during the experiment, and for any presentation there were five LEDs visible. The spacings were 1.5, 3.0, and 4.5 cm. Except for the catch trials, which will be discussed momentarily, the center LED of the LED array was always the same regardless of the LED spacing. The LED array was rotated about a horizontal axis perpendicular to the subject's face plane using a motorized rotary micro mini stage (National Aperture Inc., Salem, NH) driven by a control unit (MC-3B-II). The resolution of the rotary micro mini stage was 0.21 arc min. The motor was mounted to the outside rear of the box and attached to an axle that was inserted into the center of the board containing the LED array.
The LED array was rotated about the axle so that the reflected image of the array appeared to be slanted about a vertical axis straight ahead of the subject's right eye. The vertical axis about which the LED array was rotated was coincident with the center LED of the slanted array. The slant of the LED array was arbitrarily assigned a positive value if the right side of the array appeared closer to the subject and a negative value if the left side of the array appeared closer. The slant of the LED array was randomly varied from − 50°to + 50°in 10°increments. The slant settings were within 5 arc min of the desired setting.
Five adult subjects participated in this study. Their ages ranged from 23 to 39. All had 20/20 visual acuity, and all were right-handed as determined by the hand habitually used for writing. All subjects were required to sign a consent form prior to participation in this experiment.
Subjects were held stationary by a tight-fitting dental impression bite-bar. For the alignment procedure, the LED array was set at zero degrees of slant. Subjects were aligned with the reflected image of the center LED of the LED array and the center of the computer monitor by viewing the image of the center LED through a pinhole. The pinhole was parallel to the face plane, and therefore perpendicular to the LED array in the roof of the box. After alignment, the pinhole was replaced with an aperture 5 cm wide and 1 cm high. The aperture was cut out of a black piece of cardboard. This cardboard was suspended from the open side of the box and was approximately 13.7 cm from the nodal point of the eye. The direct and reflected illumination on this aperture from a single LED was about 0.15 lumens/m 2 . The aperture restricted the view of the subject to only the LED array. The subject's left eye was then patched and a black cloth was placed over the subject. The lights in the laboratory were extinguished during all phases of the experiment. These precautions prevented the subject from seeing the edges of the aperture during the experiment. At no time were subjects allowed to examine the interior of the box, in order to prevent them from making judgments of visual direction based on the locations of the lateral walls of the box (Harris, 1974) .
Visuomotor localization in the presence of slant was determined by asking subjects to point with the index finger of their unseen right hand at the center LED of the LED array. Subjects were told to fixate the center LED before pointing, to ensure that extraretinal eye position information about the location of this LED was accurate (Fogt & Jones, 1996) . After each pointing response, subjects grasped a handle directly under their chin with their right hand. This was intended to prevent subjects from leaving their right hand in the same position used for the previous pointing response. The computer touch screen attached to the computer monitor and located behind the enclosed box was used to record the location of the pointing response. The horizontal resolution of the touchscreen and display was 24.6 pixels per cm (screen width 26 cm). To prevent subjects from receiving tactile cues, they were asked not to feel around the touch screen surface. They were asked to report whenever they touched the edges of the monitor, because this could have provided cues to localization. The bottom of the touch screen rested against a surface inclined at about 30°. This was to prevent subjects from touching the bottom of the monitor and touchscreen. When questioned, none of the subjects reported touching the edges of the monitor in this experiment.
Perceived location of the center LED was determined at the same time that visuomotor localization was measured. The subject used a joystick controlled by his or her left hand to indicate a perceived leftward or rightward shift of the center LED from straight ahead. When the subject perceived that the center LED was straight ahead, he or she pushed the joystick forward.
The computer recorded the joystick responses as 1 for left, 2 for straight ahead, and 3 for right.
Subjects were typically tested over 3 days. On each day, the subject viewed three sets of 35 presentations of the LED array. In one of the sets for subject BB, 21 rather than 35 presentations were used. For each group of 35 presentations, five of ten slant angles were randomly selected. The zero or no slant condition was not included in this selection process. Each of the five slant angles was presented five times. The zero slant conditions and the catch trials were also presented five times. The computer would first randomly select the slant angle condition (or catch trial condition). Then, for non-catch trials one of the three LED spacings was randomly selected. Therefore, no limitation was placed on the number of times a particular LED spacing could be used. One of four LED locations was randomly selected for each catch trial, and no limitation was placed on the number of times a particular LED location could be used. The purpose of the catch trials was to encourage subjects to locate the center LED visually, and to not simply memorize its location (Kornheiser, 1976) . In the catch trials, the LED array was not slanted. The center of the LED array was shifted left or right. When the LED spacing was 1.5 cm the center LED was shifted 3.0 cm from the true straight ahead, and when the LED spacing was 3.0 cm the center LED was shifted 6.0 cm from the true straight ahead. Five LEDs were illuminated when the center LED was shifted 3.0 cm, while three LEDs were illuminated when the center LED was shifted 6.0 cm.
Results
First, a few data points (five or fewer) were discarded if a subject accidentally touched the touchscreen in an unintended location. In these cases, both the visuomotor localization data and the associated joystick data were discarded. The visuomotor localization data were analyzed as follows. The average distance in centimeters along the surface of the touch screen between the subject's pointing position and the center of the computer monitor (the true straight ahead) was determined at each combination of slant angle and LED spacing. Using these average distances, average pointing offset was then determined by calculating the angular separation between the subject's pointing position and the center of the computer monitor. The pointing offset represents the shift in visuomotor localization resulting from slant. A positive pointing offset indicated that subjects pointed to the right of the true straight ahead while a negative pointing offset indicated that subjects pointed to the left of the true straight ahead. Fig. 2 shows plots of average pointing offset versus slant angle for each subject. Shown near the legend in each of these figures are the average standard deviations of the data, determined by averaging all of the standard deviations at each combination of LED spacing and slant angle. Table 1 shows the results of linear regression analyses for the plots in Fig. 2 . While the data in Table 1 show that there is a linear relationship between slant angle and pointing offset in some cases, it is also evident that the slopes of these regression lines are very small. To examine the overall effect of slant angle and LED spacing on visuomotor localization, a three-factor analysis of variance (ANOVA) was performed (Neter, Wasserman, & Kutner, 1990) . The response variable was average pointing offset, and the factors in the model were subject, slant angle, and LED spacing. A statistical test (F-test) was performed to determine whether there was interaction between slant angle and LED spacing. No interaction between these two variables was found, F(20, 127)= 0.74, P = 0.778. Next, a statistical test was performed to determine if the pointing response was the same at each slant angle. Pointing response was found to vary with slant angle, F(10, 127)= 7.07, P = 0.0001. Finally, a statistical test was performed to determine if the pointing response was the same at each LED spacing. Pointing response did not vary with LED spacing, F(2, 127) = 1.71, P = 0.185. An overall pointing response was determined at each angle of slant. This overall pointing response was the average of all of the mean responses for each subject at each LED spacing. These overall mean pointing responses are plotted against slant angle in Fig. 3 . The best-fit line as determined by linear regression for this data is also shown. This line had a y-intercept of − 0.29 and a slope of −0.02. The correlation coefficient was − 0.93.
The joystick data for each subject are shown in Fig.  4 . Each joystick response was the perceived direction of the center LED of the LED array compared to the perceived straight ahead. A joystick response of 1 indicated that the perceived position of the center LED was left of straight ahead. A joystick response of 2 indicated that the perceived position of the center LED was straight ahead, and a joystick response of 3 indicated that the perceived position of the center LED was to the right of the straight ahead. Table 2 shows the results of linear regression analyses for the plots in Fig.  4 . There is a linear relationship between slant angle and joystick response in some cases. However, it is evident that much like the visuomotor localization data of Table 1 the slopes of these regression lines are very small. To examine the overall effect of slant angle and LED spacing on the perceived position of the center LED, a three-factor ANOVA was performed. The response variable was average joystick response, and the factors in the model were subject, slant angle, and LED spacing. A statistical test (F-test) was performed to determine whether there was interaction between slant angle and LED spacing. No interaction between these two variables was found, F(20, 127) = 0.84, P = 0.658. Joystick response was found to vary with slant angle, F(10, 127)=4.38, P=0.0001. However, joystick response did not vary with LED spacing, F(2, 127)= 0.29, P=0.752. An overall joystick response was determined at each angle of slant. This overall response was the average of all of the mean responses for each subject at each LED spacing. These overall means are plotted against slant angle. The best-fit line as determined by linear regression for this data is also shown in Fig. 5 . The best-fit line had a y-intercept of 2.02 and a slope of − 0.01. The correlation coefficient was − 0.94. Finally, the catch trial data were analyzed. An average pointing position on the computer monitor was determined for each subject for each of the shifts in the center LED of the LED array (3.0 cm left, 3.0 cm right, 6.0 cm left, 6.0 cm right). Statistical tests (t-tests) were then performed to determine whether the actual position of the center LED of the shifted array was the same as that of the average indicated position. In only three of 20 cases was there a significant difference (h= 0.05) between the actual and indicated position of the center LED (HB at offsets of 3.0 cm right and 6.0 cm right, and BB at an offset of 6.0 cm left). This provides evidence that subjects were not simply memorizing the position at which they were to point.
Discussion
In this study, if extraretinal eye position information was used for visuomotor localization, then subjects should have pointed accurately at the center LED of the LED array even in the presence of slant. However, if subjects relied on the structure in the visual field for visuomotor localization, then they may have taken the straight ahead direction to be the direction of the normal to the slanted surface. In that case, they should have mislocalized the center LED of the slanted array by an amount equal to the slant angle. If the slanted surface was closer on the right (slant assigned a positive value) subjects should have pointed to the left of the center LED's actual position (pointing offset negative). If the slanted surface was closer on the left (slant assigned a negative value) then subjects should have pointed to the right of the LED's actual position (pointing offset positive). This assumes that subjects perceptually extended the slanted surface because the normal to the surface intersected at a point on the plane of the surface further than the physical end of the surface. Finally, LED spacing should have had no effect on the results.
As predicted, LED spacing did not have a significant effect on the results so the data were combined. In examining the visuomotor localization data shown in Table 1 and Figs. 2 and 3, it seems that there was a linear relationship between slant angle and pointing offset. Larger slant angles were associated with larger pointing offsets, and the direction of pointing offset was as expected if subjects believed that the straight ahead was shifted toward the normal to the slanted surface. For example, if the left side of the array was closer to the subject, the subject pointed to the right of the actual position of the center LED. However, the slope obtained from the linear regression analysis was only − 0.02. This slope compares favorably to the value of + 0.04 (two horizontal line stimulus) obtained by Li and Matin (1995) for plots of visually perceived straight ahead versus slant angle. The slope we obtained is much smaller than the value of − 1.00 predicted if subjects had localized the straight ahead in the direction of the normal to the slanted surface. Our slope is also much smaller than the value of + 0.40 obtained by Li and Matin (1995) for plots of visually perceived eye level versus slant angle.
The small effect on visuomotor localization shown here cannot be explained on the basis of the directional properties of the LEDs. When the LED array was slanted, the subject would have been viewing the center LED from the side. In that case, the subject may have chosen to point along a direction different from that in the zero slant (alignment) condition. In fact, if the right side of the slanted surface was closer, subjects may have pointed further left compared to the zero slant condition simply because of this change in LED direction. However, the largest change in direction this would have resulted in would have been about 5 min arc at a slant angle of 50°. This effect is therefore too small to account for the result we obtained. The joystick data (Table 2, Figs. 4 and 5) further support the notion that there is a small linear relationship between slant and perceived direction. Subjects perceived the center LED of the LED array to be left of straight ahead if the right side of the slanted surface was closer. The center LED of the LED array was perceived to be right of straight ahead if the left side of the slanted surface was closer. This data also indicates that LED spacing had no significant effect on perceived location. However, much like the visuomotor localization data, the slope of perceived offset versus slant angle was very small (− 0.01).
Taken together, the visuomotor localization data and the joystick data indicate that slant angle has an effect on perceived direction of an object on a slanted surface. However, this effect is extremely small when compared with the effects predicted if subjects believed that the straight ahead was in the same direction as the normal to the slanted surface. The effect of slant in this experiment is also much smaller than the effects of pitched Fig. 4. (Continued) from vertical surfaces on visually perceived eye level. Visuomotor localization is therefore not significantly impaired by slant.
From the results of this study, it is concluded that slant is only a weak cue for visuomotor localization. While subjects seem to perceive a shift in the straight ahead toward the normal to the slanted surface, this causes only small errors in visuomotor localization. Subjects seem to rely on extraretinal eye position information for visuomotor localization in the presence of slant. The results are in close agreement with those of Li and Matin (1995) . These findings are also similar to those of Cai et al. (1997) and Rine and Skavenski (1997) , both of whom found that extraretinal eye position information can be the sole determinant of visual direction. However, this result differs from other studies where structure in the visual field dominated over extraretinal eye position information for visual localization (Matin et al., 1982; Bridgeman & Stark, 1983; Fogt & Jones, 1996) .
In this experiment, minimal surface texture was used to create the slanted surface. Along with texture, changes in the projected size of the LEDs may have served as cues to slant. For example, at a slant angle of 50°and an LED spacing of 4.5 cm, the LED on the end of the slanted surface closest to the subject would have been about 8% larger than the LED at the opposite end of the surface. In any case, it may be that if more texture had been provided on the slanted surface, subjects may have been more likely to trust the cues to localization provided by the slanted surface (Perrone, 1984) . In that case, subjects may have been less reliant on extraretinal eye position information, and this could have lead to greater errors in visuomotor localization.
It has been shown that the angle of vergence and binocular disparities can provide cues for judging whether surfaces are frontoparallel (Rogers & Bradshaw, 1995) . In contrast to our experiment, the studies on the effect of the angle of vergence and binocular disparities were performed using surfaces rich in texture. In any event, if our subjects had viewed the slanted surface binocularly, they may have been more likely to use the cues provided by the slanted surface for visuomotor localization. This could also have lead to greater errors in visuomotor localization.
Conclusion
Under the conditions of this experiment, slant had only a small effect on visuomotor localization. Subjects made small errors while attempting to point at the center LED of a slanted array of LEDs. These errors increased as the surface slant increased. However, the errors are very small and probably not functionally significant. Extraretinal eye position information therefore dominates over slant for visuomotor localization in this experiment.
It is possible that the localization errors would have been greater had subjects been provided with more texture on the slanted surface, and had subjects viewed the display binocularly (Perrone, 1984; Rogers & Bradshaw, 1995) . This statement implies that, at least in certain circumstances, visual information may actually diminish the accuracy of visuomotor localization. This means that subjects must determine to what extent they should rely on extraretinal eye position information and information from the visual scene for localization (Miller & Bockisch, 1997) . Further studies are required to elucidate what is involved in a subject's decision to rely on extraretinal eye position information, structure in the visual field, or both of these for localization.
